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A resistance training program, where the exercise was uninterrupted (UT, i.e. continuous repetitions) was compared against another resistance
training program where the exercise was interrupted (IT, i.e. 2 exercise sessions during a training day) for enhancing bone modeling and bone
mineral density (BMD) in maturating animals.
The total volume of work performed between
the two resistance training programs was equivalent by design. Young male rats (-8 weeks
old) were randomly divided into Control (Con,
n =8 ), UT (n =8) and IT (n = 7) resistance trained
groups. The UT and IT groups were conditioned

A vast majority of the literature pertammg to
exercise and its role in preventing osteoporosis
has focused upon the mature adult and elderly.
However, it is becoming evident that activity programs during childhood may play a significant
role in delaying the onset, or reducing the severity, of osteoporosis later in life [15]. In support,
puberty marks a period of enhanced bone deposition [1] and longitudinal studies suggest that
physical activity during childhood may be associated with greater bone density in adulthood [21].
High-impact activities (e.g. jumping) or resistance exercises (e.g. strength training) have been
advocated as a putative method to stimulate an
osteogenic response and promote the elevation
in bone mineral density. Nevertheless, our understanding of the most optimal exercise regimen
for maximal stimulation of bone accrual during
the maturating period is currently unknown.
Studies by Robling et al. [13, 14] characterized an
exercise protocol with the potential to maximize
the bone formation response. Using anesthetized
animals, they loaded the bone at discrete inter-

to climb a vertical ladder with weights appended
to their tail 3 daysjweek for 6 weeks. After the
6 week training regimen (Mean±SD), tibial BMD
(assessed via DXA) was significantly greater for UT
(0.237 ±0.008 gjcm 2 ) and IT (0.238 ± 0.005 gjcm 2 )
compared to Con (0.223 ± 0.004 gjcm 2 ). Further,
serum osteocalcin (OC) was significantly greater
for UT (45.65 ± 2.83 ngjml) and IT (46.33 ±4.60 ng/
ml) compared to Con (37.86±4.04ngjml). There
was no significant difference in BMD or serum
OC between UT and IT groups. The results indicate that both resistance training programs were
equally effective in elevating BMD in growing
animals.

vals during a day (separated by several hours)
and reported that interrupting an exercise bout
was more effective in eliciting an osteogenic
response than a single loading session per training day [13, 14]. From these experiments, Turner
[17] interpreted these results suggesting that
bone cells become desensitized to prolonged
mechanical loading whereas recovery periods
can restore the mechanosensitivity thereby augmenting the osteogenic stimulus culminating in
an even greater elevation in bone mineral density
compared to the single loading exercise session.
While these studies [13, 14, 17] were extremely
promising, they were performed on adult rats
under ether-induced anesthesia. Thus, the potential benefit of using interrupted bouts of exercise
to maximize the osteogenic response in conscious, growing animals remains unresolved.
To date, we are aware of only two studies that
have specifically examined the issue of using
interrupted exercise programs to maximize bone
deposition in conscious animals during the
growth period. Umemura eta!. [20] was the first
to investigate the potential for using intervals
between exercise bouts in conscious maturating
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female rats to augment the osteogenic response. They employed
a jumping protocol (i.e. high impact exercise) and failed to
observe any difference in bone mass from rats exposed to two
bouts of exercise, separated by 6 h of recovery, within a training
day compared to a single continuous, uninterrupted bout of
exercise during a training day, where the total number of repetitions was equivalent between the jump training programs [20].
Similarly, using a ladder climbing task to mimic resistance exercise, we previously reported equivalent elevations in bone mineral density between interrupted (3 times per training day
separated by 4-5 h of recovery) and continuous resistance training where the volume of work for each resistance trained group
was equivalent by design [5]. While speculative, in both the
study by Umemura et al. [20] employing high-impact activity as
well as our prior study involving resistance training [5], it is possible that more recovery time (i.e. greater than 6h) was necessary to allow the mechanosensors to reset between exercise
bouts for the interrupted training protocol. Failure to allow the
mechanosensors to reset could account for the equivalent elevations in bone between the continuous vs. interrupted exercised
groups.
The purpose of the current study was to determine if a resistance training program, where sessions were separated into two
discrete bouts during an exercise training day (separated by 1012 h), was more effective than a continuous bout of resistance
training, on markers of bone modeling, bone mineral density
(BMD), and bone strength in maturating animals. We hypothesized that interrupted resistance training would be more effective for stimulating an elevation in bone mineral density
compared to uninterrupted resistance training in maturating
male rats, culminating in added mechanical bone strength.
These results could give insight into the optimal resistance training regimen to employ that would maximize peak bone accrual
during the growth period and minimize the onset or severity of
osteoporosis during old age.

The experimental protocol for this study was pre-approved by
the Chapman University Institutional Review Board and in
accord with the Public Health Service policy on the use of animals for research. Twenty-four male Sprague Dawley rats (initially -225 grams, -8 weeks old) obtained from Charles River
Laboratories (Wilmington, MA) were housed individually and
maintained on a reverse 12/12h light/dark cycle. Food and water
were provided ad libitum throughout the experimental period.
The animals were acclimated to their living conditions for 1
week. Then they were randomly separated into a control group
(Con, n=8), a resistance trained group where the animals performed continuous, uninterrupted repetitions on a given training day (UT, n =8), or another resistance trained group where the
animals performed repetitions that were interrupted twice during a training day (IT, n = 8 ).

The strength training regimen has previously been described by
our laboratory where we have demonstrated an osteogenic
response [5, 16]. Briefly, the animals were required to climb a
vertical ladder with weights appended to their tail. There were
26 rungs across the 1 m ladder. The animals were positioned to

ensure that they performed each sequential
repetition along the ladder required 26 total
(or 13 lifts per limb). The resistance trained
antly conditioned to climb the ladder in order
water beneath them. The exercised animals
for a total of 6 weeks. The control animals were
same days and times as the trained groups in
any stress attributable to handling. All animals
the beginning of the week to monitor weight
resistance trained animals, to help determine
mass to append to their tails for the remainder
resistance trained animals started with 30%
appended to their tail at week one. At week two
rying 60% BM. At week three they were r~,..,.,,;,,_'
week four they were carrying 120% BM. At week
carrying 150% BM, where they maintained this
the end of week 6. For the UT group, the -·---...~,., u
consecutive ladder climbs on a given training
climbs constituted the maximum amount of conse
tions that the UT animals could achieve. For the
animals performed 3 ladder climbs twice during
where 10-12 h separated a bout of exercise.
number of ladder climbs (i.e., total repetitions) in
ing day was equivalent between the UT and IT err,.,,,,.;,;. :qij
ance (i.e., the mass appended to their tail plus
and the distance covered served to equate the
work between the UT and IT groups throu~~hout .th
training period. It should be noted that one of the
IT group refused to climb the ladder during the
training. It has been our experience that this can o
occasions and for unknown reasons. This animal
quently eliminated from the IT group which
reduction in sample size (i.e., n =7).

To minimize any residual effect of the last trainingb
were sacrificed 48 h after their final training ..,._..,,,,.u,, •..
Hallucis Longus (FHL) was rapidly dissected from
limb, weighed, and immediately frozen in liquid
subsequent determination of protein content. The
sen as this has previously been reported to
content as a result of the ladder climbing exercise
left hindlimb was rapidly amputated, positioned,
liquid nitrogen for the assessment of bone mineral
tibia and bone mechanical properties. Blood
lected, allowed to clot, centrifuged, and the serum
the subsequent measurement of serum osteocaldn
osteocalcin is a protein secreted by osteoblasts,
this serum marker would suggest more bone
a syringe was used to extract urine directly from
immediately frozen for the subsequent
pyridinoline (DPD) and creatinine. DPD is a
collagen found in bone and is released when
active. An elevation in this marker would suggest
resorption. Thus, an examination of serum OC and ·
would help to determine the mechanism of bone
tissue, serum, and urine samples were kept at
analyses.

Protein concentration in the FHL was assessed [9]
indicator of training (i.e., muscle hypertrophy}.
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immunosorbent assay (ELISA, Biomedical TechStoughton, MA) was used to determine serum
levels (i.e., an indicator of osteoblast activity). The
variation was < 3.5% and the inter-assay variation
deoxypyridinoline (i.e., an indicator of osteowas measured using a competitive enzyme immuQuidel Corp., San Diego, CA). The intra-assay
< 6% and the inter-assay variation was < 7.5 %. Uriwas measured using an enzyme assay and picric
reagent (Quidel Corp., San Diego, CA). The intraon was < 2% and the inter-assay variation was < 4%.
reader (MaxLine, Molecular Devices Corp., Sunnyused with the absorbance set at 450 nm for the
nm for the EIA, or 490 nm for the microassay using
A standard curve was generated for all chemical
controls were run to ensure quality. For all standthe correlation coefficient (Pearson's Product
ation for linear standard curves, i.e. Protein and
and Coefficient of Determination for non-linear
i.e. Osteocalcin and Deoxypyridinoline) was
0.97. Finally, a Dual Energy X-ray Absorptiometer
Lunar Prodigy, Chicago, IL) employing the small animodule (version 6.81) was used to assess the BMD
tibia. The left hindlimb was thawed, positioned, and
scanned. Three consecutive measurements were
with the hindlimb repositioned between each scan.
BMD was the average of three scans and the coefon for repeated scans (mean±standard error)

cal properties of bone were measured using a threeing rig placed onto the stage of a texture analyzer
(TA-XT2, Texture Technologies, Ramona, CA). FolDXA scans, hindlimbs were thawed and all soft tisemoved from the left tibia. The bone was submerged
20h prior to testing at room temperature. Prior to
instrument was calibrated using a standard weight.
was patted dry and secured to the rig. The span of
Port points was 18 mm and the deformation rate
A medial to lateral force was applied to the
bone. The maximal load to failure (Fmax, units =
to failure
determined from the area under the
curve to the fracture point, units = N x mm)
using Texture Expert (v. 1.22, Stable Micro Systems
England, UK).

raining volume) was calculated as the product of the
by the animal (body mass plus the amount of
to the tail), the acceleration due to gravity, and

..
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Fig. 1

Total work (in Joules) performed for each training day during the

week by the Uninterrupted resistance trained group (UT. n = 8) and the
Interrupted resistance trained group (IT, n=7). Value~ are mean±SD. No
significant difference between groups.

the distance covered. The total training volume (i.e. work) for UT
and IT was expressed in joules. For weekly total training volume,
a Student's t-test was used to determine statistical significance.
Total protein in the FHL was calculated as the product of protein
concentration and muscle mass. Deoxypyridinoline (nrnol/L)
was corrected for urine concentration (or dilution), by dividing
by the creatinine concentration (mmol/L) and expressed as the
adjusted urinary DPD. Except for the training volume (see above),
an ANOVA was employed for all other comparisons, and when a
significant F ratio was identified, a Fisher's PLSD post hoc test
was used. The level of significance set was at P< 0.05 for all statistical comparisons and the results were expressed as the
mean± standard deviation (SD).

The initial body mass was not significantly different between
groups ( Table 1 ). After the 6 week resistance training program, the final body mass was similarly not significantly different between groups ( Table 1 ). The total training volume for
the resistance trained animals was not significantly different
between UT vs. IT at any time during the 6 week exercise program
Fig. 1 ). The FHL mass and total protein content in the
FHL was significantly greater for UT and IT groups when compared to the Con group ( Table 2). There was no significant difference in FHL mass or total protein in the FHL between UT and
IT groups.
The bone mineral density from the left tibia from both the UT
and IT groups were significantly greater than the Con group
( Fig. 2). However, the BMD was not significantly different
between UT and IT groups. Serum osteocalcin was significantly
greater for both the UT and IT groups compared to controls
( Fig. 3), but was not significantly different between UT and IT
groups. In contrast, the adjusted urinary deoxypyridinoline did
not significantly differ between the Con (119.76±51.21), UT
(115.12 ±33.96), and IT (113.29±30.30) groups.
The mechanical properties of the left tibia were significantly
elevated for both UT and IT compared to controls as measured
from the three point bending test. The maximum force to failure
was significantly greater for UT (i.e. 29 %) and IT (i.e. 25 %) compared to controls ( Fig. 4). Similarly, the energy to failure was
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Resistance Training Effect on FHL.

Table 2
Group

fHl Protein

fHl Mass (grams)

DTID

UT

150

(mg protein/muscle)

68.55±15 ..04
87.15±14.22* (P
90.08 ± 18.86" (P

0.337±0.072
0.414±0.048* (P = 0.048)
0.434± 0.086* (P = 0.024)

Con
UT
IT

Co11 ~ Control Group (n = 8), UT
and IT

= Interrupted

=

120
=

0.031)

Vl

0.017)

.8::l

UninteiTUpted Resistance Trained Group (n ~ 8),

Resistance Trained Group (n =7). FHL ~ flexor hdllucis io11gu>.

Values are the mean ±SD. *Significant difference
difference between UT
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Fig. 2 Bone Mineral Density (BMD) tor the left tihia from Controls (Con,
n =8), Uninterrupted resistarlCe traim:d group (UT, ll =8), and lnLerrupted
resistance trained group (IT, n = 7). Values are mean± SD. *Significant
difference vs. Con. P < 0.0001 for both UT ;md IT vs. Con.
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Fig. 3 Serum osteocalcin (OC) concentrations from Controls (Con,
n = 8), Uninterrupted resistance trained group (UT, n = 8), c:md Interrupted
resistance trained group (IT, n = 7). Values are mean± SD. 'Significant
difference vs. Con. P < 0.0006 for both UT and IT vs. Con.

significantly greater for UT (i.e. 60%) and IT (i.e. 57%) compared
to controls ( Fig. 4). However, the maximal force and energy to
failure was not significantly different between UT and IT groups
(

Fig. 4).

The uninterrupted and interrupted 6 week resistance training
regimens (where the total volume of work was kept constant
between UT vs. IT groups) were equally effective for stimulating
an increase in tibial BMD in maturating male rats. The osteogenic response for both UT and IT was attributable to an elevation in osteoblast activity, as indicated by an increase in serum
OC compared to controls, and not a lower osteoclast activity, as
indicated by equivalent levels of adjusted urinary DPD between
groups. Both UT and IT groups demonstrated an augmented
bone strength as assessed from three point bending tests when
compared to controls. While the BMD, bone strength, and serum
OC were elevated in both UT and IT compared to controls, there

Fig. 4 Bone strength characteristics of the
(Con, n = 8), Uninterrupted resistance trained group
Interrupted re~i~tance trained group (IT, n =7).
failure expressed in Newtons. EF = energy to
deformation curve) expressed ini\JPIMrnncx millim 1~ter·s 1
are mean± SD. ''Significant difference vs. Con. p < 0
IT vs. Con.

was no significant difference between UT and IT
our results did not support our hypothesis of a
genic response from IT compared toUT.
Our results on the strength training-induced
are consistent with prior studies that have similarly
the effectiveness of exercise in promoting an osteoJ:?;entidr
in maturating animals [6, 8, 11, 12]. Further, the
confirms previous findings in humans [3,4, 10]
[16, 22, 23] pertaining to the exercise-induced e1e1rati(:'ln
blast activity as supported by the significant mc:re<ts~;;
OC for both UT and IT compared to controls. Last,
regarding the elevation in bone mechanical onJDE~rties<
of resistance training are also consistent with
rats that examined the femur after jumping
tower climbing [12], confirming that relatively
BMD can culminate in large elevations in bone
While our results pertaining to strength training
are not unique, we note that the equivalent eftlectJIVer
both UT and IT exercise programs is in contrast to
hypothesis submitted by Turner and Robling [1
the recovery period of 10-12 h between exercise
implemented for the IT group should have res1ton·a~1
anosensitivity of the bone cells thereby providing a
genic stimulus for bone formation. We have no
the disparate results between our report and
eta!. [ 13, 14], but we acknowledge several diffenmc€a$
the studies. First, we used conscious animals and
training program that incorporated bouts of ex£~tcise~
week. In contrast, Robling eta!. [13, 14] used
mals and a daily loading protocol. Next, it is concE~1va
age of the animal might be a factor. In the current
maturating animals whereas adult rats were
Robling eta!. [13, 14]. Thus, there is the potential
mona! milieu during the growth period, in com
exercise, reached a maximal stimulation threshold
osteocytes became desensitized. In this regard. the
bout for the IT group was sufficient to
fluid flow for bone formation [18]. Alternatively,
that even more time than the 1 0-12 h we
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the bone mechanosensitivity, especially in
collectively, some or all these factors may have
the contrasting results between our study and
eta!. [13, 14].
r, support the two current studies that spethe potential for implementing interrupted
as a method to more effectively augment BMD
exercise in maturating, conscious animals.
[20]used high impact (i.e. jumping) exercise 5
8 weeks. They reported no difference in elevating
using a 6 h recovery between two daily exercise ses0 jumps) compared to a continuous exercise bout
in maturating rats [20]. Similarly, in a prior resiststudy employing the ladder climbing task, we
effectiveness in elevating BMD and bone strength
~--~·~""'"' versus interrupted resistance training (i.e. 3
ng day separated by 4-5 h) after 6 weeks of exerin growing rats. Taken together, these two prior
the results of the current study do not lend support
IHLt;uu.uu, at least in conscious maturating animals, that
a bout of exercise into discrete sessions during a
is more effective than a single bout of exercise pergiven training day.
the physiological benefits of exercise, the use of
model helps to minimize many of the confounding
.a:>:>uuLaLL.u with human cross-sectional studies that are
various factors such as: genetics, dietary intake, and
(to name a
Additional challenges, especially
children, include matching the growth velocity
the exercise and control groups [2]. In this regard, the
rating rats can minimize many of these confounding
but we acknowledge several limitations with use of
model. First, we recognize that the epiphyseal plates
not close. As such, we chose to examine the impact of
specifically during the growth period in rats that could
1.hl<tturati11g humans, although this should be done with
, we measured BMD and markers for bone
tion at a single time point (i.e. the end of the 6
a better experimental design would have been
BMD and markers for bone formation/resorption inithroughout the 6 week period to help differentiof growth in addition to the exercise stimulus.
is always the concern that an observation in animals
in humans. However, the numerous observations
been consistent with the reports in humans pertainimpact of exercise on bone. Thus, our experimental
a potential insight into the type of resistance
Pn)gram (i.e. continuous vs. interrupted exercise) that
bone accrual during growth, albeit our results
both resistance training programs were equally
upon our observations of the exercised animals in
study as well our prior report [5], we offer a considcould be relevant to humans. The number of repetiby the IT group was predicated on the number
achieved by the UT group in order to equate the
between the groups per training day. Separating
two bouts for the IT group was sufficient where
achieved the required work for each exercise
a training day whereas the UT group struggled to
the last couple of full ladder climbs during an exerIn this regard it is possible that even more recovery

time is necessary for the mechanosensors to reset. Alternatively,
if the mechanosensors were still desensitized for the IT group
following the first bout of exercise, then the second bout of exercise would contribute little to the observed increase in BMD.
Thus, it is possible that completing only half the work during a
training day (i.e. only 3 ladder climbs for the IT group) would
provide the requisite stimulus for bone formation. To the extent
that this alternative speculation can be extrapolated to an application for humans, exercise that takes the skeletal muscle to
exhaustion may not be necessary to stimulate bone accrual during growth. Exercise that does not require taking the skeletal
muscle to fatigue would minimize the potential discomfort during the exercise as well as lower the potential for muscle soreness following the activity. Limiting the pain and discomfort
associated with exercise could reduce the attrition rate for children and encourage a lifestyle that promotes a healthy skeletal
system that could eventually lower the impact or severity of
osteoporosis in the later stages of life. Therefore, we acknowledge that further investigations are warranted in growing animals to determine the minimum exercise threshold (e.g.
frequency, intensity, etc.), where muscles are not taken to the
point of fatigue, that can elicit an osteogenic response equally
effective to resistance training where muscles are exercised to
exhaustion.
In summary, using conscious animals and a mode of exercise
that mimics resistance training, where the volume of work was
matched between UT and IT programs, we offer evidence that
both exercise regimens were equally effective for stimulating an
osteogenic response in maturating male animals. This is supported by an increase in BMD attributable to an augmentation in
osteoblast activity as assessed by elevations in serum OC levels
for the resistance trained groups compared to controls. In addition, the bone mechanical properties, as measured from three
point bending tests, were elevated in both resistance trained
groups compared to controls. We conclude that under the conditions of the current study, interrupted resistance training did
not provide a greater stimulus for osteogenesis when compared
to uninterrupted resistance training during the growth period in
rats. We also acknowledge that further investigations are warranted to determine if daily resistance training, where muscles
are not overworked, can similarly elicit an osteogenic response
equally effective to resistance training every other day where
muscles are exercised to exhaustion.
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